We conducted the first synchronously coupled atmosphere-ocean general circulation model simulation from the Last Glacial Maximum to the Bølling-Allerød (BA) warming. Our model reproduces several major features of the deglacial climate evolution, suggesting a good agreement in climate sensitivity between the model and observations. In particular, our model simulates the abrupt BA warming as a transient response of the Atlantic meridional overturning circulation (AMOC) to a sudden termination of freshwater discharge to the North Atlantic before the BA. In contrast to previous mechanisms that invoke AMOC multiple equilibrium and Southern Hemisphere climate forcing, we propose that the BA transition is caused by the superposition of climatic responses to the transient CO 2 forcing, the AMOC recovery from Heinrich Event 1, and an AMOC overshoot.
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We conducted the first synchronously coupled atmosphere-ocean general circulation model simulation from the Last Glacial Maximum to the Bølling-Allerød (BA) warming. Our model reproduces several major features of the deglacial climate evolution, suggesting a good agreement in climate sensitivity between the model and observations. In particular, our model simulates the abrupt BA warming as a transient response of the Atlantic meridional overturning circulation (AMOC) to a sudden termination of freshwater discharge to the North Atlantic before the BA. In contrast to previous mechanisms that invoke AMOC multiple equilibrium and Southern Hemisphere climate forcing, we propose that the BA transition is caused by the superposition of climatic responses to the transient CO 2 forcing, the AMOC recovery from Heinrich Event 1, and an AMOC overshoot.
T he last deglaciation (~21 to 11 ka) (ka: 1000 years ago) experienced the last major natural global warming and was punctuated by several abrupt climate changes (1, 2) . Particularly notable changes occurred in the North Atlantic region where the surface climate experienced cooling during Heinrich Event 1 (H1, 17 ka), followed by an abrupt warming at the onset of the Bølling-Allerød (BA,~14.5 ka) ( Fig. 1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . These abrupt climate changes were accompanied by large changes in the Atlantic meridional overturning circulation (AMOC), suggesting a causal linkage through the AMOC and its associated heat transport (5, 6) (Fig. 1C) .
Climate evolution during the last deglaciation has been studied in transient simulations with climate models of intermediate complexity (12) . In particular, some intermediate models simulated abrupt warming events like the BA by triggering a resumption of the AMOC either locally by a reduced meltwater flux (MWF) (13) or surface warming (14) over the North Atlantic, or remotely by an increased MWF (15) or surface warming (16) over the Southern Ocean. In all the cases, the abrupt warming occurred in response to a gradually varying forcing (17) through a strong hysteresis associated with AMOC advection and North Atlantic convection (18) . Long transient simulations, however, have not been carried out in synchronously coupled atmosphereocean general circulation models (CGCMs), which include the most advanced climate physics and are currently being used for future climate projections. Here we present a transient simulation of the climate evolution from the Last Glacial Maximum (LGM,~21 ka) to BA using a state-of-art CGCM: the National Center for Atmospheric Research Community Climate System Model version 3 (NCAR CCSM3) (19) . Through realistic changes in boundary conditions and forcing, our simulation captures many major features of the deglacial climate evolution, including the magnitude of the climate response as inferred from observations.
Starting from a previous LGM simulation (20) , our model was integrated from 22 toward 14 ka, forced by changes in insolation (21) , atmospheric greenhouse gas (GHG) concentrations (22) (Fig. 1A) , continental ice sheets and coastlines (23, 24) , and MWF over the North Atlantic and Gulf of Mexico (Materials and Methods 1). From 22 to 19 ka, the model climate changes slowly, primarily due to insolation forcing. The simulated Atlantic Ocean at 19 ka, which we call the glacial state, captures important features of the LGM circulation as reconstructed from various proxy records (25, 26) , including a shallower North Atlantic Deep Water (NADW) accompanied by a southward shift of deep convection from the Nordic Seas to the Greenland Sea, a reduced AMOC transport, and a volumetric expansion of Antarctic Bottom Water (Fig. 2 , A and D and figs. S1A and S2) (Materials and Methods 1).
From 19 to 17 ka, we applied a MWF derived from Northern Hemisphere ice sheets to the North Atlantic and Gulf of Mexico at a rate consistent (within uncertainties) with the record of sea-level rise (23, 27) , gradually reaching a peak flux of 20 m per thousand years (ky) at H1 (Fig. 1, B The increase in MWF starting at 19 ka induces a gradual decrease in the AMOC (Fig.  1D) . The associated freshwater anomaly is confined initially to the upper North Atlantic at H1 ( fig. S1B ) and is then transported in the upper ocean into the Southern Ocean, where it eventually spreads northward in the deep ocean, substantially freshening the glacial bottom water by the time of the BA ( fig. S1C ). From 17 ka to the BA, the MWF decreases in both experiments, leading to increases in the AMOC. The AMOC increases gradually toward the BA following the gradual decrease in MWF in DGL-B, but it resumes abruptly at the BA following the abrupt termination of MWF in DGL-A (Fig. 1D) . Regardless of the recovery speeds, however, the AMOC in both experiments peaks at~19 sverdrup (1 sverdrup = 10 6 m 3 /s) at the onset of the BA, or 6 sverdrup greater than the glacial-state transport (~13 sverdrup), and is characterized by a deeper and stronger circulation (Fig. 2C) , comparable with that in a Holocene simulation (not shown). The simulated transient responses of the AMOC from 19 to 14 ka, especially in experiment DGL-A, are in overall agreement with a reconstruction of changes in the AMOC export ( Fig. 1D) (5) .
Accompanying these changes in the AMOC is a bipolar seesaw response in surface temperature until H1, followed by a global warming that peaks at the BA. The bipolar seesaw response is characterized by a cooling over the Northern Hemisphere and a warming over the Southern Hemisphere ( Fig. 3A) and is caused by a decrease in the northward heat transport of the AMOC (28) (29) (30) . The suppression of convection also contributes to the strong surface cooling in the North Atlantic. A weak warming also occurs over North America and northern Europe due to the lowering of the ice sheets and the associated response of the planetary waves (31) . By contrast, the warming from H1 to BA is global, with the maximum warming relative to H1 exceeding 20°C in the North Atlantic and Arctic (Fig.  3B) . A large fraction of this BA warming, or that part relative to the glacial state ( Fig. 3C) , is characterized by a polar amplification in both hemispheres.
The simulated global temperature evolution closely resembles paleoclimate reconstructions [supporting online material (SOM) Text 1], although there is a tendency for a model-data discrepancy before 19 ka, which may be attributed partly to our initial state of an equilibrium climate at LGM. Focusing on the Atlantic sector here, the simulated annual temperature closely follows the trajectory of temperature reconstructions from Greenland ( Fig. 1E) and Antarctic ( Fig. 1F ) ice cores. From 21 to 19 ka, both Greenland and Antarctica show a weak early warming of~0.5°C, which we attribute to increased obliquity and associated sea-ice feedback (32, 33) . With the increased MWF from 19 to 17 ka, temperature decreases by 4°C over Greenland but increases by 2°C over Antarctica, reflecting the bipolar seesaw response (Fig. 3A) . The most pronounced changes occur in response to the decrease in MWF from 17 to 14 ka. Simulated Greenland temperature increases by 15°C at the BA onset, comparable with temperature reconstructions (7, 34) . By contrast, Antarctic temperature continues to increase toward the BA, as in ice-core reconstructions (35) , which is caused primarily by the rapid increase in GHG concentrations during this period (SOM Text 2).
The characteristic North Atlantic temporal evolutionary structure of H1 cooling followed by BA warming simulated by CCSM3 is also in good agreement with sea-surface temperature (SST) reconstructions from the eastern subtropical gyre off the Iberian Margin (Fig. 1G) . Over the tropical Atlantic, model SSTs first decrease toward H1 and then recover sharply at the BA, accompanied by a suppression of rainfall toward the H1 and a subsequent recovery toward the BA. The simulated rainfall suppression toward H1 (enhancement at BA) is caused by the southward (northward) migration of the Intertropical Convergence Zone (ITCZ), which is induced by the surface ocean warming south (north) of the equator in response to the increased (decreased) freshwater forcing (36) . The simulated abrupt increase of SSTs and rainfall at the onset of the BA, especially in experiment DGL-A, generally (Fig. 1, H and I) , although the simulated earlier decrease in the SST and rainfall toward H1 seems to be largely absent in the reconstructions. Overall, the model overestimates the climate variability associated with the ITCZ over the tropical Atlantic. This overestimation is likely caused by a double ITCZ bias in the model tropical Atlantic climatology-a common deficiency in most current CGCMs (37) .
In contrast to the bipolar seesaw temperature response at the ocean surface, the subsurface ocean warms throughout the Atlantic during the MWF period from H1 to the BA (Fig. 2, E and F) , providing a heat reservoir potentially important for the subsequent BA warming. The subsurface warming is largely consistent with previous experiments and observations (38) . In the North Atlantic, the surface freshening suppresses the convective heat exchange, cooling the surface but warming the subsurface. The subsequent reduction of the AMOC and associated northward heat transport warms the entire South Atlantic water column, but further cools the surface North Atlantic.
Previous studies of the BA in simplified models found that the abrupt warming was caused by a sudden resumption of the AMOC in response to a gradual perturbation forcing, reflecting a strongly nonlinear response to MWF associated with substantial AMOC hysteresis (13) (14) (15) (16) . By contrast, CCSM3 simulates the BA warming largely as a linear response to MWF, with most of the abrupt warming occurring only in response to a sudden termination of the MWF. Indeed, CCSM3 has no appreciable hysteresis (SOM Text 3). This is best illustrated in experiment DGL-B from 19 to 14 ka (39, 40), whereby the AMOC decreases gradually from 19 to 17 ka when the MWF increases gradually, but then recovers gradually from 17 to 14.2 ka when the MWF decreases slowly, eventually overshooting beyond the glacial transport (Fig. 1, C and D 
) (41).
Both experiments DGL-A and DGL-B simulate a~15°C warming over Greenland from H1 to BA, comparable with temperature reconstructions (7, 34) (Fig. 1) . Of this amount, 5°C is associated with the AMOC recovery from H1 back to the glacial state, and the remaining 10°C results from the CO 2 -induced warming and an AMOC overshoot (the AMOC recovery beyond the glacial-state transport). The approximate contributions of the three mechanisms can be assessed from experiment DGL-A. First, the total radiative warming due to CO 2 and orbital forcing in the absence of AMOC change can be estimated as the difference between the pre-BA (14.67 ka) and H1 states. In this period, the MWF and, in turn, the collapsed AMOC remain unchanged in DGL-A (Fig. 1, C and D) , so that the warming is caused primarily by the radiative forcing. Indeed, from H1 to pre-BA, both Greenland and Antarctica exhibit a similar gradual warming of~4°C (Fig. 1, E and F) . This symmetric warming ( fig. S6A) is consistent with the symmetric radiative forcing of CO 2 and annual insolation. Our further sensitivity experiments show, however, that this warming is dominated by the CO 2 forcing, whereas the contribution of the orbital forcing is weak (SOM Text 2). Indeed, the period from 17 to 14.6 ka saw the first major rise of the GHGs, with a 40-ppm (parts per million) increase in CO 2 accounting for about half of the glacial-interglacial change (Fig. 1A) . This large increase in CO 2 induces a symmetric global warming background for the subsequent BA warming.
Upon the suspension of the MWF after 14.67 ka in experiment DGL-A, the AMOC recovers rapidly to its glacial level by~14.5 ka, with a 5°C warming over Greenland (Fig. 1, D and E). This recovery warming is of the same magnitude as the H1 cooling, reflecting a nearly linear dependence of Greenland temperature on AMOC strength. In contrast to the bipolar response to the MWF during H1 (Fig. 3A) , however, the rapid warming due to AMOC recovery is confined to the North Atlantic and Arctic regions ( Fig. 1, E to H, and fig. S6B ).
Finally, after the recovery at 14.5 ka, Greenland temperature increases by another 6°C, peaking at 14.35 ka (Fig. 1E) , accompanied by an AMOC overshoot beyond its glacial level by~6 sverdrup (Fig. 1D ). This BA overshoot, which generates a strong warming over the Nordic Sea region (Fig. 1, E to H, and fig. S6C ), is caused by a natural overshoot of the AMOC at the end of MWF, which is further enhanced by the long duration of the MWF and the large CO 2 rise from H1 to the BA. The overshoot appears to be caused by convective instability in the Nordic Sea on a background of deep-ocean warming (Fig. 2, E and F) , as well as a basin-wide advective adjustment of salinity (SOM Text 4).
In contrast to the robust warming magnitude, the warming rate of the BA in CCSM3 depends critically on the MWF scenario. A faster reduction in MWF induces a more rapid BA warming, as seen by comparing experiments DGL-A and DGL-B. The sudden termination of MWF in DGL-A produces an abrupt BA warming that strongly resembles proxy records (Fig. 1) , although the model warming is somewhat slower than in these records (300 versus 150 years, fig.  S4 ). Because the natural adjustment time of the AMOC is~300 years (as seen in experiment DGL-A), a similar abrupt BA warming can be induced in this model as long as there exists a substantial reduction of MWF several centuries before the Bølling onset. Because the two MWF scenarios DGL-A and DGL-B represent the end members, a more realistic MWF scenario that lies in between may also induce a rather rapid BA warming in CCSM3 (42). We conclude that the critical factor for producing the abruptness of the BA warming in CCSM3 is that the MWF to the North Atlantic keeps the AMOC near its off-state to within centuries of the Bølling onset, while other details of the meltwater history may not be essential.
We find that CCSM3 is able to simulate an abrupt BA warming as a transient response to a 60N  60S 30S  30N  0  60N  60S 30S  30N  0  60N  60S 30S  30N  0   90N  0  30S  30N  60N  90N  0  30S  30N  60N  90N  0 -17-15 -13 -11 -9 -7 -5 -3 -1 1 3 5 7 9 11 13 15 17 -17-15 -13 -11 -9 -7 -5 -3 -1 1 3 5 7 9 11 13 15 17 -17-15 -13 -11 -9 -7 -5 -3 -1 1 3 5 7 9 11 13 15 17 Fig. 1D ). Fig. 1D.) www. (18, 39) . 41. About a third of the model BA warming appears to be associated with a nonlinear convective response in the Nordic Sea. As seen in experiment DGL-B, under a gradual forcing, the AMOC and Greenland temperature, after a long period of gradual change, increase abruptly at the end stage (14.6 ka) in 100 years (6 sverdrup and 6°C), nearly identical to the last 100 years of warming in experiment DGL-A (Fig. 1, D and E, and fig. S4 ). This abrupt warming is induced by regional convective instability in the Nordic Sea (18) on a background deepocean warming (52) and is enhanced by the northward heat transport associated with the enhanced AMOC. 42. With a slower reduction in MWF, the AMOC resumption and attendant BA warming in CCSM3 usually occur faster than the rate at which the MWF is reduced, partly due to the convective instability process in the Nordic Sea (41). In a deglaciation sensitivity experiment similar to DGL-B, but with a faster termination time of 2000 years, the BA warming takes only 500 years, substantially faster than the MWF itself (not shown). 43. Except for an earlier generation of CGCM with flux adjustments (53, 54) , all published results from CGCMs are similar to those of CCSM3 in showing that the AMOC recovers its strength after the termination of the freshwater pulse. Because these CGCM hosing experiments are usually short (<1000 years), they are not strict tests for the hysteresis of AMOC (18) . Nevertheless, these models have shown little sign of substantial hysteresis. 44. A diagnosis of nine coupled climate models, including both CGCMs and intermediate models, suggests a positive bias in the freshwater transport by the AMOC in the South Atlantic, which may imply a bias toward a more stable AMOC and therefore a lack of multiple
